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ABSTRACT: To reconcile the federal regulation of material polychlorinated biphenyl (PCB)
concentrations with recently implemented state regulations of airborne PCBs, there is a need to
characterize the relationship between PCB emissions from surfaces and air concentrations. We
hypothesized that the magnitude and congener distribution of emissions from floors and walls fully
account for the airborne PCBs measured in rooms constructed during the height of PCB production
and sales. We measured emissions of PCB congeners from various wall and floor materials using
polyurethane foam passive emission samplers before and after hexane wiping. Our results revealed that
PCB emissions from flooring adequately predicted the magnitude and congener distribution of PCBs
observed in the room air. Emissions varied by material within a single building (5 × 103 ng m−2 day−1

from wood panel walls to 3 × 104 ng m−2 day−1 from vinyl tile) and within the same room. Yet
congener distributions between material emission PCB profiles and room air PCB profiles were
statistically similar. Hexane wiping significantly reduced PCB emissions (>60%), indicating the
importance of surface films as an ongoing source of airborne PCBs. The magnitude and congener
distribution of material bulk concentrations did not explain that of material emissions or air concentrations. Passive measurements of
polychlorinated biphenyl emissions from floors in a university building predict the concentrations of PCBs in room air.
KEYWORDS: Atmospheric chemistry, Polychlorinated biphenyls, Gas chromatography mass spectrometry, Emissions, Materials, Aroclors

■ INTRODUCTION
Gas-phase emissions of polychlorinated biphenyls (PCBs)
from PCB-containing building materials are sources of indoor
airborne PCBs.1−3 Inhalation of these anthropogenic com-
pounds may cause cancer, hormone disfunction, and cognitive
learning disorders.4 In 1976, the U.S. Environmental
Protection Agency banned the intentional manufacture and
sale of PCBs.5,6 Prior to the ban, Aroclor PCBs were added to
building materials such as tile adhesive, window caulking, and
florescent light ballasts.5,7 These historic mixtures of PCBs still
exist in the built environment, including homes, schools, and
other public buildings.3,7−15 However, the documented history
of PCB use in building materials and during building remodels
is incomplete. Primary sources of airborne PCBs indoors can
be difficult to find due to volatilization and deposition within a
room.16,17 Thus, remediation efforts often include costly
nontargeted source testing and analysis.

In the U.S., there is no federal regulation requiring the
remediation of indoor airborne PCBs. Only building materials
with PCB concentrations of 50 ppm and above require
abatement from an indoor environment. The Code of Federal
Regulations defines the protocol for the removal and disposal
of the PCB source material. But no official process exists for
identifying source materials and associated emissions’ relation-
ships to airborne PCB concentrations.18,19 In this study, we
used direct measurements of gas-phase emissions of specific
materials and passive air samplers to characterize sources of

PCBs to room air. Multiple materials can be PCB sources and
sinks in a room, and an accurate inventory of associated
emission sources can inform targeted remediation strategies.

We hypothesized that floors and walls were sources of
airborne PCBs in a room constructed during the PCB era.
Furthermore, we hypothesized that the magnitude and
congener distribution of emissions from floors and walls fully
account for the airborne PCBs in the room. To test these
hypotheses, we measured surface emissions and room air
concentrations for 209 PCB congeners in rooms without PCB-
containing light ballasts or window caulking. Mass balance
calculations linked the emissions of each congener to the
concentrations of each congener in air. We used nonparametric
statistical tests to evaluate the differences in congener
distributions measured in the emissions and air. Using these
two approaches, we determined the influence of PCB
emissions from specific surfaces on the airborne concentrations
in the rooms.
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■ METHODS AND MATERIALS
Site Description. All samples were collected between 2020

and 2022 from four rooms within the University of Iowa’s
Institute of Rural and Environmental Health office and
laboratory building constructed between 1972 and 1980
(Table S1). Three rooms had individual, packaged terminal
air conditioner units that received outdoor air but were off
during sampling. A fourth room was connected to a central air
system that served multiple rooms. These rooms were
unoccupied for three years prior to the study and contained
an assortment of desks, chairs, and metal or wooden cabinetry.
Each room had carpet laid on top of the same vinyl tile that
was bare in the hallway. University records indicate that the
floor and wall materials were installed in the 1970s. No
information was available regarding when the plywood panel
walls and floors were last cleaned. PCB-containing window
caulking was removed from the east wing of the building in
2013 with retesting every year from 2013 to 2016. All PCB
light ballasts were removed by 2013.

Sampler Deployment. We collected and analyzed 12
airborne PCB samples using Harner-style double dome
polyurethane foam passive air samplers (PUF−PAS) for 42
days hung from the ceiling tiles (∼2 m), 4 airborne PCB
samples using low-volume air samplers for 2 days, 30 gas-phase
emission samples using polyurethane foam passive emission
samplers (PUF−PES) for 23 days, 15 instantaneous wipe
samples, and 11 bulk material samples using methods as
described in previous studies and the Supporting Information
(SI).16,20−22 Congener-specific octanol-air partitioning coef-
ficients (Koa) and effective sampling volumes (Veff, m3) for the
PUF−PAS were calculated previously (eqs S1−S5).23,24 PUF−
PES emission samplers capture gas-phase emissions on PUF as
previously described.13,25 We deployed PUF−PES in five
locations in triplicate including tile overlaid with carpet, wood
panel, and hallway tile. We repeated the deployment of PUF−
PES in the same locations (triplicate) immediately after a
standard wipe test26 of all three materials, using 2 mL of
hexane per wipe, to evaluate emissions after removal of surface
PCBs (see SI). We collected five samples of carpet and six
samples of wood panels for PCB analysis using a box cutter
(Table S2). The wood panel consisted of plywood attached to
cinder blocks with an adhesive. Gas chromatography tandem
mass spectrometry (Agilent 7000 Triple Quad with Agilent
7890A GC and Agilent 7693 autosampler) in multiple reaction
monitoring mode was used for identification and quantification
of 209 PCBs as 171 chromatographic peaks (Table S3). The
details of our sample extraction and instrument analysis can be
found in the SI.

Quality Assurance, Quality Control, and Statistical
Analyses. Accuracy of our methods was assessed using
analysis of certified PCB concentrations in NY/NJ sediment
sprinkled on PUF (NIST Standard Reference Material 2585)
(Figure S1). Accuracy was also assessed using an extraction of
Aroclor 1016 to verify the appropriateness of surrogate
recovery correction for lower-chlorinated congeners (Figure
S2). Sample representativeness and reproducibility were
assessed by placing triplicates of samplers at each location,
side-by-side. Representativeness of the intended environment
was also measured in the analysis of method blanks which were
used to calculate the limits of quantification (Tables S4−S10).
Precision of our sampling techniques and mass results were
assessed with surrogate standard recoveries (Figure S3).

Representativeness and accuracy were assessed by measuring
emissions using PUF−PES over foil (negative control) in a
room with a high PCB concentration to evaluate uptake of
room air (Figure S4). Comparability was assessed with
previous and concurrent measurements of PCBs in the
rooms using other methods.10,13,16,24,25 We evaluated the
differences in congener profiles using cosine theta analysis (cos
θ).16,24 Cos θ varies from 0 (no correlation) to 1 (complete
correlation; see SI). In addition to cos θ, we used the Wilcoxon
signed rank (eq S6)27 test coupled with the Bonferroni
Correction, mixed effects models, and random effects models
to determine if congener distributions and masses among
differing sample types could account for distributions and mass
of PCBs observed in room air.

Modeling. We used a mass balance equation to determine
the amount of time needed for the PCB mass from targeted
sources and the mass of PCBs found in room air to reach a
steady state.

CV
t

QC QC E A vCin T s= +

C is the concentration in the room at time t (ng m−3), Cin is
the concentration of PCBs entering the room from the
outdoors (ng m−3), V is the volume of the room (m3), and Q is
the flow of air into and out of the room (m3 d−1). ET is the
total of all area-specific emission rates or the sum of emissions
from tile overlaid with carpet and wood panel walls (ng m−2

d−1) multiplied by the area of the respective surface (m2)
multiplied by the emissions from both flooring and walls by
their respective surface areas to yield the total emissions from
the surfaces per day (ng d−1). Deposition to all surfaces (ng
m−2 d−1) is a product of the total surface area of the room
(m2), As; the deposition velocity (m d−1), v; and the
concentration, C, at time t. We assume there is no PCB
mass in the room at the commencement of the experiment (C
= 0). When solving for C, the yield is
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The airflow, Q, was derived from multiplying the area under
the door (6.1 × 10−3 m2) with the average windspeed in the
room measured by a 3D sonic anemometer (2.0 and 1.8 m s−1

for Rooms 132 and 137, respectively). We estimated the
volume and surface area of Rooms 132 and 137 by adjusting
the values reported here to that of a furnished space (0.93 for
volume and 1.80 for surface area).28 We estimated the
deposition velocities for particle size fractions between 1 and
2.5 μm, which includes PCBs (1.2 and 3.2 × 10−4 m h−1 in the
vertical downward and horizonal direction, respectively),
averaged these values, and multiplied the product by 24
(hours d−1) to derive a deposition velocity, v, of 14.4 m d−1.
We conservatively assumed that PUF in furniture acted as a
sink for 20% of emissions.29,30 Thus, we multiplied the
emission rate from flooring by 0.8 before multiplying it by the
surface area of the floor and adding the product to the wood
panel wall to yield ET. Then we solved for t (days). All data
from this study are published in Iowa Research Online31

(https://doi.org/10.25820/data.006187).

■ RESULTS AND DISCUSSION
Material Measurements. We found PCB emissions from

bare vinyl tile in the hallway to be significantly higher than
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emissions from tile overlaid with carpet and wood panel, both
before and after hexane wiping (Figure 1). Before wiping,

hallway tile emissions were about two and four times higher
than tiles overlaid with carpet and wood panel, respectively.
Tile overlaid with carpet had statistically higher emissions than
wood panel before (p-value = 6.92 × 10−4) and after (p-value =
6.35 × 10−5) wiping regardless of room. Emissions of PCBs
from hallway tile, tile overlaid with carpet, and wood panel
walls before wiping were about 100 times higher than
emissions previously reported from similar surfaces in
residential apartments and from paint colorants using the
same sampling apartus.13,25 Across 14 pairs of prewipe and
postwipe PUF−PES, hexane wiping significantly reduced
emissions by an average of 61 ± 14% (p-value = 1.2 ×
10−4). The differences in the congener emissions before and
after wiping were statistically significant. Most but not all
(59%) PCB congener emissions were significantly reduced by
hexane wiping.

The carpet and walls in the rooms contained PCBs (Figure
S5). The largest individual bulk concentration was 1.2 × 104 ng
g−1 (12 ppm) from a carpet sample, and the lowest individual
bulk concentration was from a wood panel sample, 319 ng g−1

(0.32 ppm). Carpet contained a significantly higher PCB mass
per mass of material than wood panel regardless of location as
per a mixed effects model (p-value = 4.06 × 10−8).

Room concentrations of ∑PCB in air ranged from 22 to 133
ng m−3 across all four rooms (Table S11). These indoor
concentrations are 1 to 2 orders of magnitude higher than
outdoor measurements reported from Persoon et al. (1.65 ng
m−3) at the same location.32 The differences in air
concentration from room to room were not statistically
significant (p-value = 0.79), unlike our recent finding in a
rural Iowa school that found room-to-room statistical differ-
ences in airborne PCB concentrations.16 The airborne PCBs
measured in this current study (<133 ng m−3) were lower than
or equal to levels that Herrick et al. reported in U.S. university
buildings with historic caulk contamination (111−393 ng
m−3).33 Air concentrations here were lower than those
reported in Danish apartments (2.3 × 103 ng m−3) and
German schools (∼4.0 × 103 ng m−3) with historic

contamination of caulk sealants constructed during the same
period that had not undergone remediation.34−36

The Code of Federal Regulations only considers a building
material bulk PCB waste if the concentration is above 50 ppm
(5 × 104 ng g−1), even if there are high air concentrations or
material emissions in the same room.19 Though the regulation
requires removal at 50 ppm or greater, our findings suggest
that surface materials less than 50 ppm or 5 × 104 ng g−1, such
as our wood panel and carpet, can still emit PCBs at a rate that
produces air concentrations over 100 ng m−3. After
consideration of PCB’s cancerous and noncancerous toxicity,
Vermont state recently passed a law requiring testing of PCBs
in all school rooms built or renovated during the PCB mass
production era.37 The Vermont Department of Environmental
Conservation determined that schools should take action to
remediate rooms with 30−100 ng m−3 of PCBs depending on
the students’ ages.38 All rooms measured in this study had
concentrations within or above this range. Vermont further
determined that schoolrooms with an air concentration of 90−
300 ng m−3 must immediately cease occupancy.38 The room
air concentrations resulting from source emissions in this study
would require immediate action in Vermont schoolrooms,
even though source bulk concentrations may be lower than 50
ppm or 5 × 104 ng g−1.

We found that PCBs in the dust wiped off carpet over tile,
wood panel, and bare tile surfaces (Table S12). The surface
area of each wiped location was the same as that of one PUF
disk: 1.53 × 10−2 m2. The mass of PCBs on each wipe ranged
from 176 ng (carpet) to 1324 ng (hallway tile). Anderson et al.
reported an average of 9.64 × 104 ng m−2 of wiped PCBs from
walls in Danish apartments which was about two times higher
than that measured in this study (4.29 × 104 ng m−2).34 On
average, the PCB mass instantaneously wiped off material
surfaces was equivalent to ten times the mass emitted in 1 day.
However, the mass emitted postwiping during the same length
of time was only one-half to one-fourth the mass emitted prior
to wiping.

Sources and Sinks. All surface wipe measurements,
regardless of material or location ranged between 104 and
105 ng m−2. We found no significant difference between the
masses wiped off carpet and wood panel regardless of location
(p-value = 0.22) suggesting an evenly distributed removable
surface PCB layer throughout all rooms.

The PCB emissions measured in this study explain the
concentrations of airborne PCBs in the rooms. We evaluated
the prewipe PCB emission magnitude from floors and walls
with the magnitude of airborne PCBs using a mass balance
equation to determine the time to steady state (Figure 2).

We found at the rate of emissions measured before the
materials were wiped with hexane, room air would reach the
steady state value we measured in about 1 h for both Room
132 (79 ng m−3) and Room 137 (102 ng m−3). Emissions from
walls and flooring after removal of the surface film indicate
long-term absorption of airborne PCBs into the bulk material
and/or diffusion of PCBs from underlying materials, including
the adhesive under the tile.

In addition to calculating the time to steady state, we also
estimated the time to depletion of the PCB reservoir in floors
and walls provided emissions were constant over time, using
the bulk concentration of each sample (ng m−3), total volume,
and surface area of the material in the room and the emission
rate of the material (ng m−2 days−1). At the measured postwipe
emission rate, the PCBs we measured in wood panel walls from

Figure 1. Total emissions of 205 PCBs from hallway tile, wood panel,
and tile with carpet overlay before and after wiping with hexane and
gauze.
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Room 132 and Room 137 would deplete in a few years. This is
consistent with deposition and absorption from 50 years of
exposure to elevated airborne PCBs since the building was
constructed. We conclude that the wood panel wall is a
secondary source of airborne PCBs. Emissions from the vinyl
tile and overlying carpet are much higher and are likely to be
primary sources, probably due to Aroclors added to adhesives
used in flooring construction. For example, at the measured
postwipe emissions rates, the bulk PCB concentration we
measured in in carpet from Room 132 and Room 137 would
require decades to deplete. We did not evaluate depletion rates
for the tile because we could not completely separate it from
the adhesive binding it to the building foundation.

Congener Similarities. To determine if the congener
profiles of material emissions are statistically similar to those of
the congener distributions of the room air concentrations, we
conducted three types of cos θ tests: one comparing room air
profiles to vaporized Aroclor profiles, one comparing room air
profiles to material emission profiles, and one comparing
material bulk concentration profiles to material emissions
profiles and room air profiles. Material emissions profiles were
a mixture of Aroclor 1254 and Aroclor 1260 (Figure S6) which
align with Aroclors used in caulking and other sealants in the
1970s when the rooms were constructed.17 For most rooms,
the airborne PCB congener profile was most similar to the
emissions from the hallway tile (cos θ > 0.97) (Table S13). In
one room, the airborne PCB congener signal was most like that
of the carpet emission signal from an adjacent room. In all
rooms, congener profiles from wood panel emissions did not
have a strong resemblance to room air congener profiles.

Unlike PCB congener distributions from material emissions,
congener distributions from bulk material measurements were
not as similar to congener distributions from room air. For
example, emissions from tile overlaid with carpet had congener
distributions similar to those in the room air (cos θ = 0.98)
(Figure S7). Yet the PCB congener distributions from carpet
itself in both rooms had a poorer correlation to that of the
respective room air profile (cos θ = 0.86). This data reaffirm
that the bulk concentrations are less useful in assessing PCB
sources in a room than emissions sampling.

■ IMPLICATIONS
Direct measurement of PCB emissions is a better indicator of
important sources of airborne PCBs than solid material
analysis. This finding suggests the need for a revision of
federal statutes regulating the remediation of building materials
indoors to focus on coupling room air concentrations with
material emission rates as a method for source identification
and reduction rather than bulk concentration. Our results
support the characterization of material PCB emissions indoors
for noninvasive and more targeted source identification,
reducing the number of tests required to remediate and thus
total costs.

■ ASSOCIATED CONTENT
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.estlett.3c00360.

Additional details on site description, material parame-
ters, experimental methods, air sampler models, and
quality control and assurance calculations including
tables, graphs, equations, and figures of sample replicates
and their statistical analysis (PDF)

■ AUTHOR INFORMATION
Corresponding Author

Keri C. Hornbuckle − Department of Civil and
Environmental Engineering, IIHR−Hydroscience &
Engineering, University of Iowa, Iowa City, Iowa 52242,
United States; orcid.org/0000-0002-3478-3221;
Phone: 319 384-0789; Email: keri-hornbuckle@uiowa.edu

Authors
Moala K. Bannavti − Department of Civil and Environmental
Engineering, IIHR−Hydroscience & Engineering, University
of Iowa, Iowa City, Iowa 52242, United States;
orcid.org/0000-0001-6509-7972

Rachel F. Marek − Department of Civil and Environmental
Engineering, IIHR−Hydroscience & Engineering, University
of Iowa, Iowa City, Iowa 52242, United States;
orcid.org/0000-0002-7898-2900

Craig L. Just − Department of Civil and Environmental
Engineering, IIHR−Hydroscience & Engineering, University
of Iowa, Iowa City, Iowa 52242, United States;
orcid.org/0000-0002-9060-7345

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.estlett.3c00360

Notes
The authors declare no competing financial interest.

Figure 2. A sketch of Room 132 PCB emission sources where room
volume and surface areas are in black, average airborne PCB
concentration and material PCB emissions prewiping are in light
blue, and material bulk concentrations are in yellow.

Environmental Science & Technology Letters pubs.acs.org/journal/estlcu Letter

https://doi.org/10.1021/acs.estlett.3c00360
Environ. Sci. Technol. Lett. 2023, 10, 762−767

765

https://pubs.acs.org/doi/suppl/10.1021/acs.estlett.3c00360/suppl_file/ez3c00360_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.estlett.3c00360/suppl_file/ez3c00360_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.estlett.3c00360/suppl_file/ez3c00360_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.estlett.3c00360?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acs.estlett.3c00360/suppl_file/ez3c00360_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Keri+C.+Hornbuckle"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-3478-3221
mailto:keri-hornbuckle@uiowa.edu
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Moala+K.+Bannavti"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-6509-7972
https://orcid.org/0000-0001-6509-7972
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Rachel+F.+Marek"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-7898-2900
https://orcid.org/0000-0002-7898-2900
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Craig+L.+Just"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-9060-7345
https://orcid.org/0000-0002-9060-7345
https://pubs.acs.org/doi/10.1021/acs.estlett.3c00360?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.estlett.3c00360?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.estlett.3c00360?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.estlett.3c00360?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.estlett.3c00360?fig=fig2&ref=pdf
pubs.acs.org/journal/estlcu?ref=pdf
https://doi.org/10.1021/acs.estlett.3c00360?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


■ ACKNOWLEDGMENTS
We thank the University of Iowa and Benjamin Fish and Lori
Cranston for providing access to the Institute of Rural
Environmental Health building, Richard Krebs for the
historical data and assistance with sample collection, Dr.
Andres Martinez for the low-volume sampler measurements,
Evan Bradley for help with anemometer measurements, Prof.
Kai Wang for assistance with statistical analysis, Maeve Bittle
for assistance with laboratory troubleshooting, and Lab
Director Chris Knutson for technical and compliance support
of our facilities and equipment. This study was funded by the
National Institute of Environmental Health Sciences within the
National Institutes of Health under award number
P42ES013661, the National Science Foundation (NSF)
through the NSF Division of Graduate Education under
Grant No. 1633098, the SK Nanda Foundation, and the Neil
B. Fisher Foundation. The content of this article is solely the
responsibility of the authors and does not represent the official
views of the funding entities. The authors declare no
competing financial interest.

■ REFERENCES
(1) Menichini, E.; Iacovella, N.; Monfredini, F.; Turrio-Baldassarri,

L. Relationships between indoor and outdoor air pollution by
carcinogenic PAHs and PCBs. Atmos. Environ. 2007, 41 (40), 9518−
29.
(2) Harrad, S.; Ibarra, C.; Robson, M.; Melymuk, L.; Zhang, X.;

Diamond, M.; Douwes, J. Polychlorinated biphenyls in domestic dust
from Canada, New Zealand, United Kingdom and United States:
Implications for human exposure. Chemosphere 2009, 76 (2), 232−8.
(3) Marek, R. F.; Schulz, T.; Hu, D. F.; DeWall, J.; Thorne, P. S.;

Hornbuckle, K. C. PCBs in indoor and outdoor air from urban and
rural US homes and schools. Abstr. Pap. Am. Chem. Soc. 2014, 248.
PubMed PMID: WOS:000349165106174
(4) Polychlorinated biphenyls and polybrominated biphenyls. IARC

Working Group on the Evaluation of Carcinogenic Risks to Humans,
International Agency for Research on Cancer, 2016.
(5) Liu, X. Y.; Guo, Z. S.; Krebs, K. A.; Stinson, R. A.; Nardin, J. A.;

Pope, R. H.; Roache, N. F. Chamber study of PCB emissions from
caulking materials and light ballasts. Chemosphere. 2015, 137, 115−21.
PubMed PMID: WOS:000360867100015
(6) Schierow, L. J. The Toxic Substances Control Act (TSCA): A

summary of the act and its major requirements. Health Assessments of
Chemicals and Contaminants: Analyses of the EPA’s IRIS Program;
Nova Science Publishers, Inc., 2014; pp 69−89.
(7) Erickson, M. D.; Kaley, R. G. Applications of polychlorinated

biphenyls. Environmental Science and Pollution Research 2011, 18 (2),
135−51.
(8) Herrick, R. F.; Stewart, J. H.; Allen, J. G. Review of PCBs in US

schools: a brief history, an estimate of the number of impacted
schools, and an approach for evaluating indoor air samples. Environ.
Sci. Pollut Res. Int. 2016, 23 (3), 1975−85 PubMed. PMID:
25940477; PMCID: PMC4635108.
(9) MacIntosh, D. L.; Minegishi, T.; Fragala, M. A.; Allen, J. G.;

Coghlan, K. M.; Stewart, J. H.; McCarthy, J. F. Mitigation of building-
related polychlorinated biphenyls in indoor air of a school. Environ.
Health 2012, 11, 24 PubMed PMID: 22490055; PMCID:
PMC3353159.
(10) Marek, R. F.; Thorne, P. S.; Herkert, N. J.; Awad, A. M.;

Hornbuckle, K. C. Airborne PCBs and OH-PCBs Inside and Outside
Urban and Rural U.S. Schools. Environ. Sci. Technol. 2017, 51 (14),
7853−60 PubMed PMID: 28656752; PMCID: PMC5777175.
(11) Wang, X. Y.; Banks, A. P. W.; He, C.; Drage, D. S.; Gallen, C.

L.; Li, Y.; Li, Q. B.; Thai, P. K.; Mueller, J. F. Polycyclic aromatic
hydrocarbons, polychlorinated biphenyls and legacy and current
pesticides in indoor environment in Australia - occurrence, sources

and exposure risks. Sci. Total Environ. 2019, 693, 133588 PubMed
PMID: WOS:000489694700086.
(12) Zhang, X.; Diamond, M. L.; Robson, M.; Harrad, S. Sources,

emissions, and fate of polybrominated diphenyl ethers and
polychlorinated biphenyls indoors in Toronto, Canada. Environ. Sci.
Technol. 2011, 45 (8), 3268−74 PubMed PMID: 21413794.
(13) Herkert, N. J.; Jahnke, J. C.; Hornbuckle, K. C. Emissions of

tetrachlorobiphenyls (PCBs 47, 51, and 68) from polymer resin on
kitchen cabinets as a non-Aroclor source to residential air. Environ. Sci.
T e c hno l . 2018 , 52 (9 ) , 5154−60 PubMed PMID:
WOS:000431466500014.
(14) Harrad, S; Hazrati, S; Ibarra, C. Concentrations of

polychlorinated biphenyls in indoor air and polybrominated diphenyl
ethers in indoor air and dust in Birmingham. Environ. Sci. Technol.
2006, 40 (15), 4633−4638 PubMed PMID: 16913117.
(15) Frederiksen, M.; Meyer, H. W.; Ebbehoj, N. E.; Gunnarsen, L.

Polychlorinated biphenyls (PCBs) in indoor air originating from
sealants in contaminated and uncontaminated apartments within the
same housing estate. Chemosphere 2012, 89 (4), 473−9 PubMed
PMID: WOS:000307626000017.
(16) Bannavti, M. K.; Jahnke, J. C.; Marek, R. F.; Just, C. L.;

Hornbuckle, K. C. Room-to-Room Variability of Airborne Poly-
chlorinated Biphenyls in Schools and the Application of Air Sampling
for Targeted Source Evaluation. Environ. Sci. Technol. 2021, 55 (14),
9460−8 PubMed PMID: 34033460; PMCID: PMC8427462.
(17) Durfee, R, Contos, G, Whitmore, F, Barden, J, Hackman, E,

Westin, R. PCBs in the United States�industrial use and environ-
mental distributions.; EPA 560/6-76-005; U.S. Environmental
Protection Agency: Washington, DC, 1976.
(18) Kapp, R. W. Toxic Substances Control Act. Encyclopedia of
Toxicology, Third ed.; Elsevier; 2014; pp 766−769.
(19) Guo, Z. Literature Review of Remediation Methods for PCBs in
Buildings; U.S. Environmental Protection Agency. 2012.
(20) Jaward, F. M.; Farrar, N. J.; Harner, T.; Sweetman, A. J.; Jones,

K. C. Passive air sampling of PCBs, PBDEs, and organochlorine
pesticides across Europe. Environ. Sci. Technol. 2004, 38 (1), 34−41
PubMed PMID: WOS:000187781800018.
(21) Pozo, K.; Harner, T.; Wania, F.; Muir, D. C. G.; Jones, K. C.;

Barrie, L. A. Toward a global network for persistent organic pollutants
in air: Results from the GAPS study. Environ. Sci. Technol. 2006, 40
(16), 4867−73 PubMed PMID: WOS:000239684900014.
(22) Shoeib, M.; Harner, T. Characterization and comparison of

three passive air samplers for persistent organic pollutants. Environ.
Sci. Technol. 2002 , 36 (19), 4142−51 PubMed PMID:
WOS:000178351800034.
(23) Harner, T.; Shoeib, M.; Diamond, M.; Stern, G.; Rosenberg, B.

Using passive air samplers to assess urban - Rural trends for persistent
organic pollutants. 1. Polychlorinated biphenyls and organochlorine
pesticides. Environ. Sci. Technol. 2004, 38 (17), 4474−83 PubMed
PMID: WOS:000223678900011.
(24) Herkert, N. J.; Hornbuckle, K. C. Effects of room airflow on

accurate determination of PUF-PAS sampling rates in the indoor
environment. Environ. Sci. Process Impacts 2018, 20 (5), 757−66
PubMed PMID: 29611590; PMCID: PMC5966328.
(25) Jahnke, J. C.; Hornbuckle, K. C. PCB Emissions from Paint

Colorants. Environ. Sci. Technol. 2019, 53 (9), 5187−94 PubMed
PMID: 30997998; PMCID: PMC6519452..
(26) Chapter I, Subchapter R, Part 761, Subpart G. Sect. 761.123;

National Archives an Records Administration, 1987.
(27) Woolson, R. F. Wilcoxon Signed-Rank Test. Wiley Encyclopedia
of Clinical Trials 2008, 1−3.
(28) Manuja, A.; Ritchie, J.; Buch, K.; Wu, Y.; Eichler, C. M. A.;

Little, J. C.; Marr, L. C. Total surface area in indoor environments.
Environ. Sci. Process Impacts 2019, 21 (8), 1384−92 PubMed PMID:
31246204.
(29) Zhang, X.; Diamond, M. L.; Ibarra, C.; Harrad, S. Multimedia

modeling of polybrominated diphenyl ether emissions and fate
indoors. Environ. Sci. Technol. 2009, 43 (8), 2845−50 PubMed
PMID: 19475960.

Environmental Science & Technology Letters pubs.acs.org/journal/estlcu Letter

https://doi.org/10.1021/acs.estlett.3c00360
Environ. Sci. Technol. Lett. 2023, 10, 762−767

766

https://doi.org/10.1016/j.atmosenv.2007.08.041
https://doi.org/10.1016/j.atmosenv.2007.08.041
https://doi.org/10.1016/j.chemosphere.2009.03.020
https://doi.org/10.1016/j.chemosphere.2009.03.020
https://doi.org/10.1016/j.chemosphere.2009.03.020
https://doi.org/10.1016/j.chemosphere.2015.05.102
https://doi.org/10.1016/j.chemosphere.2015.05.102
https://doi.org/10.1007/s11356-010-0392-1
https://doi.org/10.1007/s11356-010-0392-1
https://doi.org/10.1007/s11356-015-4574-8
https://doi.org/10.1007/s11356-015-4574-8
https://doi.org/10.1007/s11356-015-4574-8
https://doi.org/10.1186/1476-069X-11-24
https://doi.org/10.1186/1476-069X-11-24
https://doi.org/10.1021/acs.est.7b01910?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.7b01910?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.scitotenv.2019.133588
https://doi.org/10.1016/j.scitotenv.2019.133588
https://doi.org/10.1016/j.scitotenv.2019.133588
https://doi.org/10.1016/j.scitotenv.2019.133588
https://doi.org/10.1021/es102767g?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/es102767g?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/es102767g?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.8b00966?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.8b00966?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.8b00966?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/es0609147?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/es0609147?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/es0609147?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.chemosphere.2012.05.103
https://doi.org/10.1016/j.chemosphere.2012.05.103
https://doi.org/10.1016/j.chemosphere.2012.05.103
https://doi.org/10.1021/acs.est.0c08149?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.0c08149?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.0c08149?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/es034705n?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/es034705n?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/es060447t?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/es060447t?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/es020635t?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/es020635t?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/es040302r?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/es040302r?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/es040302r?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C8EM00082D
https://doi.org/10.1039/C8EM00082D
https://doi.org/10.1039/C8EM00082D
https://doi.org/10.1021/acs.est.9b01087?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.9b01087?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/9780471462422.eoct979
https://doi.org/10.1039/C9EM00157C
https://doi.org/10.1021/es802172a?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/es802172a?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/es802172a?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/journal/estlcu?ref=pdf
https://doi.org/10.1021/acs.estlett.3c00360?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(30) Zhu, Q. Q.; Liu, G. R.; Zheng, M. H.; Zhang, X.; Gao, L. R.; Su,
G.; Liang, Y. Size distribution and sorption of polychlorinated
biphenyls during haze episodes. Atmos. Environ. 2018, 173, 38−45
PubMed PMID: WOS:000423007600005.
(31) Bannavti, M. K.; Marek, R. F.; Martinez, A.; Hornbuckle, K. C.
Dataset for Congener-specific Emissions from Floors and Walls
Characterize Indoor Airborne PCBs; Iowa Research Online, 2023.
(32) Persoon, C.; Hornbuckle, K. C. Calculation of passive sampling

rates from both native PCBs and depuration compounds in indoor
and outdoor environments. Chemosphere 2009, 74 (7), 917−23
PubMed PMID: WOS:000264182400007.
(33) Herrick, R. F.; McClean, M. D.; Meeker, J. D.; Baxter, L. K.;

Weymouth, G. A. An unrecognized source of PCB contamination in
schools and other buildings. Environ. Health Perspect 2004, 112 (10),
1051−3 PubMed PMID: 15238275; PMCID: PMC1247375.
(34) Andersen, H. V.; Gunnarsen, L.; Knudsen, L. E.; Frederiksen,

M. PCB in air, dust and surface wipes in 73 Danish homes. Int. J. Hyg
Environ. Health 2020, 229, 113429.
(35) Köppl, B.; Piloty, M. PCB in sealants: experience and results of

procedures in Berlin and decontamination of a school. II. Follow-up
of PCB decontamination and evaluation of individual decontamina-
tion steps. Gesundheitswesen. 1993, 55 (12), 629−34 PubMed PMID:
8111159.
(36) Bent, S.; Böhm, K.; Böschemeyer, L.; Gahle, R.; Kortmann, F.;

Michel, W.; Schmidt, C.; Weber, F. Management of indoor air
pollution by polychlorinated biphenyl compounds exemplified by two
Hagen schools. Gesundheitswesen. 1994, 56 (7), 394−8 PubMed
PMID: 7919703.
(37) Environmental Contingency Fund; Polychlorinated Biphenyls

(PCBs) Testing in Schools. Act H.439 Sec. E.709.1. State of Vermont.
https://legislature.vermont.gov/bill/status/2022/H439 (accessed
2023−05−31).
(38) PCBs in Schools: Temporary Occupancy Options. State of
Vermont. https://www.healthvermont.gov/sites/default/files/
documents/pdf/ENV-PCB-short-term-occupancy-options-
development.pdf. (accessed 2023−05−31).

Environmental Science & Technology Letters pubs.acs.org/journal/estlcu Letter

https://doi.org/10.1021/acs.estlett.3c00360
Environ. Sci. Technol. Lett. 2023, 10, 762−767

767

https://doi.org/10.1016/j.atmosenv.2017.11.007
https://doi.org/10.1016/j.atmosenv.2017.11.007
https://doi.org/10.1016/j.chemosphere.2008.10.011
https://doi.org/10.1016/j.chemosphere.2008.10.011
https://doi.org/10.1016/j.chemosphere.2008.10.011
https://doi.org/10.1289/ehp.6912
https://doi.org/10.1289/ehp.6912
https://doi.org/10.1016/j.ijheh.2019.113429
https://legislature.vermont.gov/bill/status/2022/H439
https://www.healthvermont.gov/sites/default/files/documents/pdf/ENV-PCB-short-term-occupancy-options-development.pdf
https://www.healthvermont.gov/sites/default/files/documents/pdf/ENV-PCB-short-term-occupancy-options-development.pdf
https://www.healthvermont.gov/sites/default/files/documents/pdf/ENV-PCB-short-term-occupancy-options-development.pdf
pubs.acs.org/journal/estlcu?ref=pdf
https://doi.org/10.1021/acs.estlett.3c00360?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

